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with 1 h of ethanol then: (b) 10 mins hexane (M9), (c) 1 hr 
hexane (M10), and (d) 4 hrs hexane (M11) 
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Plate 5.12 FESEM cross section micrograph of membrane that 
exchanged with: (a) 10 mins (M12), (b) 1 hr (M10), and 
(c) 4 hrs (M13) of ethanol; then exchanged with 1 hr of 
hexane 
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MEMBRAN MATRIKS BERCAMPUR TIUB NANO KARBON DINDING 
BERLAPIS YANG BERKEBERANGKAPAN/SELULOSA ASETAT BAGI 
PEMISAHAN CO2/N2  
 
ABSTRAK 
Karbon dioksida (CO2) adalah salah satu penyumbang utama kepada kesan 
rumah hijau kepada bumi, yang kuantitinya kian meningkat sejak revolusi industri. 
Salah satu cara untuk mengurangkan pelepasan CO2 adalah dengan menghasilkan 
membran yang cekap dan mantap yang mampu menapis mengikut kememilihan CO2. 
Antara bahan dan sifat membran yang pelbagai, membran matriks bercampur 
(MMB) merupakan satu pendekatan alternatif yang menggabungkan sifat-sifat 
pemisahan zarah-zarah bukan organik dengan keupayaan proses polimer ke dalam 
satu sistem. Dalam kajian ini, MMB dihasilkan daripada polimer selulosa acetate 
(CA) dan tiub nano karbon dinding berlapis yang berkeberangkapan (MWCNTs-F) 
menerusi songsangan fasa basah. Beta-cyclodextrins (β-CD) telah digunakan untuk 
berkeberangkapan dinding sisi MWCNTs untuk penyebaran yang lebih baik dalam 
matriks polimer CA tanpa mengubah struktur asli dan sifatnya. Darjah 
berkeberangkapan telah ditingkatkan dengan meningkatkan nisbah β-CD di bawah 
penggunaan media air dengan kadar lebih rendah pelarut kekutuban 5.2. Lapisan 
membran yang padat dan nipis tanpa kecacatan dengan ketebalan 250 µm, kepekatan 
polimer 10 wt% dan dikeringkan dengan menggunakan kaedah pengeringan telah 
berjaya disintesis melalui pertukaran pelarut. Bila berkeberangkapan MWCNTs telah 
digabungkan ke dalam formula optimum CA polimer matriks, ukuran gas  penelapan 
menunjukkan prestasi cemerlang MMB dari segi kebolehtelapan dan darjah 
kememilihan pada 0.1 wt% amoun MWCNTs-F1. Prestasi yang tinggi ini adalah 
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disebabkan oleh penyebaran seragam antara MWCNTs-F1 dan matriks CA yang 
meningkatkan isipadu bebas yang mencukupi antara rantai an polimer dan 
menambahkan antaramuka polimer/nanofiller, seperti yang disahkan oleh keputusan 
pembiasan sinar-x. Selain itu, keputusan pemisahan telah menyokong keberkesanan 
teknik pertukaran-pelarut yang baru dicadangkan, di mana MMB dengan 4 jam 
etanol diikuti oleh 1 jam n-heksana menunjukkan peningkatan dalam kekuatan 
mekanikal membran dan menunjukkan prestasi pemisahan CO2/N2 yang lebih baik 
pada 40.17. Pengambilan serapan CO2, pekali resapan, dan pekali kebolehlarutan 
juga diambil kira dalam kajian ini. Keputusan menunjukkan bahawa pekali 
kebolehlarutan mempunyai pengaruh langsung terhadap kebolehtelapan CO2 dengan 
nilai tertinggi 198.352 x 10
11 
cm
3
(STP) /cm
4
.cmHg untuk sampel membran M13 (4 
jam etanol kemudian 1 jam n-heksana). MMB optimum ini telah digunakan lagi 
untuk kajian kebolehtelapan gas perduaan dan darjah kememilihan CO2/N2. 
Komposisi suapan dari CO2/N2 50:50 vol% menunjukkan darjah kememilihan 
CO2/N2 yang tertinggi iaitu 17.36+1.16. Sepanjang kajian pembentukan membran, 
prestasi pemisahan gas telah dianalisa melalui korelasi pelbagai struktur membran 
dan sifat-sifat fizikal yang membolehkan pemisahan CO2 secara khusus. 
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FUNCTIONALIZED MULTI-WALLED CARBON 
NANOTUBE/CELLULOSE ACETATE MIXED MATRIX MEMBRANE FOR 
CO2/N2 SEPARATION 
 
ABSTRACT 
 
Carbon dioxide (CO2), as one of the major atmospheric contributors to the 
Earth's greenhouse effect has been rising extensively since the industrial revolution.  
One promising means of lowering the emission of CO2 is to develop highly efficient 
and robust membranes that are capable of selective CO2. Within the wide range of 
materials and properties for membranes, the mixed matrix membrane (MMM) starts 
to emerge as an alternative approach, where it combines the separation properties of 
inorganic particles with the process ability of polymers into one system. In this study, 
the MMM was synthesized from the cellulose acetate (CA) polymer and the 
functionalized multi-walled carbon nanotubes (MWCNTs-F) through wet-phase 
inversion. Beta-cyclodextrins (β-CD) was used to functionalize the sidewalls of 
MWCNTs for better dispersion in CA polymer matrix without changing their pristine 
structure and properties. The degree of functionalization was increased by increasing 
the β-CD ratios under the usage of a non-aqueous media with lower solvent polarity 
of 5.2. A defect-free, thin, dense skin thickness of membrane was successfully 
synthesized at casting thickness of 250 µm, polymer concentration of 10 wt%, and 
dried using the solvent-exchange drying method. When the functionalized MWCNTs 
were incorporated into the optimum formulation of CA polymer matrix, the gas 
permeation measurements showed excellent MMM performances in terms of 
permeance and selectivity at 0.1 wt% loadings of MWCNTs-F1. This superior 
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performance was due to the homogeneous dispersion between MWCNTs-F1 and the 
CA matrix, which increased the sufficient free volumes between the polymer chains 
and enlarged the polymer/nanofiller interface, as confirmed by the X-ray diffraction 
results. Furthermore, the separation results have supported the effectiveness of the 
newly proposed solvent-exchange technique, where the MMM with 4 hrs ethanol 
followed by 1 hr n-hexane showed improvement in the membrane’s mechanical 
strength and performed with a better CO2/N2 separation performance at 40.17. The 
CO2 sorption uptake, diffusion coefficient, and solubility coefficient were also 
considered in this work. The results indicated that the solubility coefficient had a 
direct influence on the CO2 permeance with a highest value of 198.352 x 10
11 
cm
3
(STP)/cm
4
.cmHg for the membrane sample M13 (4 hrs ethanol then 1hr n-
hexane). This optimum MMM was further used to study the binary gas permeance 
and CO2/N2 selectivity. The feed composition of CO2/N2 for 50:50 vol% showed the 
highest CO2/N2 composition selectivity at 17.36+1.16. Throughout the membrane 
formation study, the potential gas separation performance was interpreted in 
correlation to various membrane structures and its physical properties, which enabled 
the separation of CO2 in a specific manner. 
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CHAPTER ONE 
INTRODUCTION 
 
1.1       Global Issues of Carbon Dioxide as a Greenhouse Gas  
One of the most challenging issues that need to be addressed in the world 
today is the control of anthropogenic emissions of greenhouse gases (GHGs). Carbon 
dioxide (CO2) is the largest contributor amongst these GHGs. Due to its high amount 
present in the atmosphere, CO2 contributes 60 % of the global warming effects 
(Yamasaki, 2003; He and Hägg, 2011).       
 
The development of low-emission fossil fuel technologies combined with the 
carbon capture and storage system (CCS) has been proposed to reduce the adversities 
of climate change caused by the emission of GHGs particularly CO2. The CCS types 
are pre-combustion, oxy-combustion capture, post-combustion and other industrial 
separation techniques (Zhao et al., 2008). In pre-combustion, the CO2 is captured 
prior to combustion. Meanwhile, in oxy-combustion capture, the fossil fuel is burnt 
using oxygen enriched air. In this case, a higher concentration of CO2 is generated 
facilitating the efficient removal of CO2 (Reijerkerk et al., 2011).     
 
On the other hand, in the case of post-combustion capture, the CO2 is captured 
after the fossil fuel has been burned with normal air (Reijerkerk et al., 2011). The 
post-combustion process captures CO2 from flue gases produced by the combustion 
of fossils fuels and biomass. Power plants emits more than one-third of all CO2 
emissions worldwide (Zhao et al., 2008). Typically, the flue gas contains mainly 
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CO2 (4 to 30 %) and nitrogen (N2, ~86 to 53 %). The other compounds are oxygen 
(O2, ~5 %) and water vapor (H2O, ~5 to 12 %) (Favre, 2007).     
 
Gas separation in this process can be accomplished by either the chemical 
solvent technology or membrane technology. In spite of its popularity, the chemical 
solvent technology has certain limitations such as expensive operational costs, high 
heat reaction with CO2, and corrosive nature of some solvents (Diwekar and Shastri, 
2011). In contrast, gas separation using membrane technology provides good 
benefits such as energy efficiency, utilization of non-toxic chemicals, and simple 
operating procedures that make it extremely attractive for CO2 capture (Bernardo 
and Clarizia, 2011). In terms of energy requirements, membrane technology is 
comparable to the adsorption of flue gases containing 20 % or more of CO2 (Favre, 
2007). Numerous studies have shown the economic benefits of membrane based 
separation systems with a high concentration of CO2 (Baker and Lokhandwala, 
2008).  
 
1.2       Membrane Gas Separation  
The improvement of CO2 separation efficiency from flue gases to reduce the 
total energy cost of sequestration technologies in coal-fired power plants has been 
identified as a high-priority research area. In the past three decades, membranes have 
attracted the attention of chemists and engineers due to their unique separation 
principles (i.e., selective transport and efficient separation compared to other unit 
operations) (Saxena et al., 2009).  
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In fact, the polymeric membranes also have several limitations for gas 
separation such as low selectivity, high temperature instability, swelling and 
decomposition in organic solvents (Shelekhin et al., 1992). These limitations have 
led to the development of alternative membrane materials (inorganic membranes) 
that are synthesized from metal, ceramics or pyrolyzed carbon. Although the 
properties of some inorganic materials are well above the trade-off curve for 
polymers, it is challenging to duplicate the enlarged-scale modules containing 
thousands of square meters of membrane areas due to the high capital costs. In 
addition, the brittleness and low surface-to-ratio volume of inorganic membranes are 
also the challenges to fully optimize their applications for gas separation industries 
(Goh et al., 2011). In this regard, mixed matrix membrane (MMM) is proposed in 
the current study.   
 
1.3       Mixed Matrix Membrane (MMM) 
The improvement of membrane separation properties can be achieved by the 
development of MMMs. The MMMs are recently getting more attention as an 
attractive candidate for membrane-based separation (Ismail et al., 2009), where it has 
a bright future as an alternative to conventional polymeric and inorganic membranes. 
The incorporation of inorganic components such as zeolite (Jiang et al., 2006b; Funk 
and Lloyd, 2008; Gorgojo et al., 2008), carbon molecular sieves (CMS) (Rafizah and 
Ismail, 2008; Itta et al., 2010; Weng et al., 2010), and carbon nanotubes (CNTs) 
(Kim et al., 2007; Ismail et al., 2009; Qiu et al., 2009; Aroon et al., 2010b; Wu et 
al., 2010) into the polymer matrix enable MMMs to have the potential to achieve 
higher selectivity and/or permeability relative to existing polymeric membranes 
(Moore et al., 2004; Jain et al., 2008; Ismail et al., 2009; Itta et al., 2010). This 
phenomenon is illustrated in Figure 1.1. 
(a) 
(b) 
Figure 1.1: 
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Dense structure ""' 
Inorganic fillers 
Supported layer Dense slcin 
MMMs in configuration: (a) symmetric flat dense, and (b) 
Asymmetric hollow fiber (Goh et al., 2011) 
1.4 Importance ofMMM 
MMMs have advantages such as excellent gas separation performance 
(Zimmerman et al., 1997), enhanced mechanical properties of polymeric materials 
(Cong et al., 2007b) and the creation of a thin selective layer (Mahajan and Koros, 
2000). The separation properties of inorganic fillers, such as zeolite, CMS, and silica 
nanoparticles (Moore et al., 2003; Itta et al., 2010; Ahnet al., 2011; Dorosti et al., 
2011; Shen and Lua, 2012), can be used to enhance the selectivity for a given gas 
mixture by increasing the sorption of the desired gas component within the MMM 
(Ismail et al., 2011). Although the sieving characteristics of zeolite and CMS are 
attractive, their sizes and aspect ratios are less favorable for the production of 
asymmetric membranes with thin selective layers (Goh et al., 2011). Thus, 
4 
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addressing the challenges posed by the MMM which are focused on utilizing 
promising alternative materials, such as CNTs, clay, and metal organic framework, 
to solve the existing problems and improve the membrane separation performance 
(Goh et al., 2011). Among all choices, CNTs have shown to be a very promising 
filler in the polymeric matrix that is suited for membrane based separation (Bikiaris 
et al., 2008; Ismail et al., 2011). This is due to their unique properties such as high 
aspect ratio, high surface area, frictionless surface, and strong mechanical properties 
(Ismail et al., 2009). In short, MMMs possess promising properties compared to the 
polymeric and inorganic membranes. These are briefly summarized in Table 1.1 
(Ismail et al., 2009). 
 
Table 1.1:   Comparison of the properties for polymeric, inorganic and MMM 
(Ismail et al., 2009) 
 
Properties Polymeric 
Membrane 
 
Inorganic 
Membrane 
MMM 
i. Cost economical to 
fabricate 
high fabrication 
cost 
moderate 
ii. Chemical and 
thermal stability 
moderate high high 
iii. Mechanical strength good poor excellent 
iv. Compatibility to 
solvent 
limited wide range limited 
v. Swelling frequently occurs free of swelling free of 
swelling 
vi. Separation 
performance 
moderate moderate exceed 
Robeson upper 
boundary 
vii. Handling robust brittle robust 
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1.5       Problem Statement  
The recovery of carbon dioxide from large emission sources is a formidable 
technological and scientiﬁc challenge which has received considerable attention for 
several years. A great number of engineering studies has been dedicated to the 
achievement of this goal in order to restrict greenhouse gases emissions, which 
remains the number one challenge of global warming scenario (Favre, 2007). In fact, 
the CO2 concentration in the ﬂue gas typically, 3-5 mol % in gas plants and 13-15 
mol% in coal plants, in turn, the cost of capture would be signiﬁcant (Zhao et al., 
2008). 
 
Gas separation through polymeric membranes offer several advantages 
compared to conventional processes, such as low capital investment, low energy 
consumption, environmental benignancy, ease of operation, and versatility. This 
separation technique has been shown to be a potential alternative to traditional 
processes (Koros and Mahajan, 2000; Basu et al., 2011), particularly to amine-based 
wet scrubbing (Basu et al., 2011). The fabrication of appropriate membranes for gas 
separation is aimed at improving gas permeability and selectivity. However, it 
remains as one of the major challenges for researchers (Weng et al., 2009; Zhang et 
al., 2010). To achieve excellent gas separation performance, the synthesized 
membranes should have a thin, dense skin layer that is supported by a thick porous 
sub-layer (Qin and Chung, 2004; Rahman, 2004), which provides mechanical 
resistance to the skin and low resistance to gas transport (Ferreira Júnior et al., 
2011). Furthermore, the dense selective layer must be virtually defect-free to assure 
that permeation is exclusively controlled by a solution/diffusion mechanism (Chung 
et al., 2000). 
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Recently, several attempts have been made to increase membrane performance 
in gas separations using MMMs (Zimmerman et al., 1997). As discussed earlier, 
MMMs consist of dispersed phase of inorganic particles, such as zeolite, carbon 
molecular sieves, or CNTs, embedded in the continuous phase of a polymeric matrix 
(Ismail et al., 2009; Aroon et al., 2010a). The MMMs overcome the individual 
deficiencies of inorganic particles and polymers to achieve a high CO2 separation 
performance (Scholes et al., 2008). However, the poor interfacial compatibility 
between the inorganic fillers and the polymer leads to the formation of unselective 
channels within the membrane (Mahajan and Koros, 2000). Thus, there is a need to 
enhance the compatibility between the inorganic fillers and the polymeric 
components within MMMs. To date, no reports have addressed the separation 
performance of CO2/N2 by MMM comprising of CA polymer matrix and CNTs. It is 
believed that this hybrid MMM (CA-CNTs) is able to attract attentions by combining 
the advantages of both the CA polymer (i.e., high CO2 solubility) and MWCNTs 
(i.e., enhanced physical and mechanical properties) for gas separation applications. 
 
CNTs have been chosen as inorganic filler in the present study due to their 
chemically inert properties and inability to disperse in typical organic solvents, 
which is still uncertain (Qiu et al., 2009; Sanip et al., 2009). Therefore, numerous 
efforts have been focused on functionalizing and modifying CNTs to improve their 
dispersion ability (Qiu et al., 2009; Sanip et al., 2009). A proper CNT‟s 
functionalization is difficult because of the inherently inert nature of carbon atoms. 
The CNTs have two distinct regions, end tips and sidewalls, each with different 
chemical reactivity. The pentagons at the end tips of CNTs are dynamically more 
reactive than the hexagons on the sidewalls. Thus, sidewall functionalization within 
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the regular graphene framework cannot be easily accomplished (Kim, 2011b). 
Considering this drawback, the non-covalent functionalization method is suggested 
in the present study. As far as it is known, there have been no studies presenting any 
concrete evidence on the effect of the solvent polarity as a medium on the 
understanding of the highly functionalized MWCNTs. Thus, it is important to 
investigate this effect through an environmentally friendly method without changing 
their pristine structures and properties of CNTs.  
 
Moreover, as for gas separation, the synthesized membrane must be dried 
before use (Kailash C., 2007). The challenge of the current work is to dry the newly 
synthesized MMM without any structure rapture. In fact, the water contained within 
the CA membrane is difficult to remove because of its asymmetric structure (Kailash 
C., 2007). Therefore, a lot of effort was needed to focus on improving the drying 
methods of CA membrane for gas separation (Jie et al., 2005). Riley et al. (1964) 
reported the replacement of water in a wet CA membrane with carbon tetrachloride 
by liquid extraction to obtain a dry CA membrane. However, this method is time 
consuming. Therefore, there is an urgent need to find an easy and effective method 
to dry the synthesized MMM, in order to maintain the MMM structure and to attain 
higher CO2 permeance and CO2/N2 selectivity.   
 
1.6       Research Objectives 
The aim of the present work is to develop a defect-free MMM with a thin and 
dense-skin layer for high separation performance towards CO2/N2. This can be 
achieved if MWCNTs are dispersed and attached well within the polymer matrix. In 
this regard, the objectives of this research are: 
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1) Study the influence of β-CD concentration ratio (the dispersant) and the 
effect of non-aqueous media on the functionalization degree, structures and 
properties of functionalized MWCNTs  
2) To synthesize and optimize the final CA membrane structure and its properties 
such as dense structure, surface roughness, and gas separation performance. 
3) To study the correlation between MWCNTs and CA in developing a defect-
free MMM with a thin and dense-skin layer for high separation performance 
toward CO2/N2. 
4) To develop a dry MMM and overcome the problems of membrane structure 
rupture to improve CO2/N2 separation performance. 
5) To study the kinetic sorption of the MMMs dried under conventional vacuum 
drying and solvent-exchange drying methods. 
 
1.7       Scope of Study 
The influence of β-CD concentration ratio from 10 wt% to 30 wt% and the 
effect of non-aqueous media i.e., ethanol, acetic acid, and water on the 
functionalization degree, structures and properties of functionalized MWCNTs 
(MWCNTs-F) will be studied. The MWCNTs-Pristine (MWCNTs-P) and 
MWCNTs-F samples will be characterized using Fourier transform infrared 
spectroscopy (FTIR), Raman spectroscopy, transition electron microscopy (TEM), 
dynamic light scattering (DLS), thermo gravimetric analysis (TGA), and X-ray 
diffraction (XRD) to confirm the effectiveness of the resulting functionalization. 
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In this study, the properties of a CA membrane, in terms of membrane casting 
thickness (150 µm to 300 µm), CA polymer concentration (7 wt% to 17 wt%), and 
drying methods (conventional vacuum drying and solvent-exchange drying), will be 
evaluated. The membranes will be characterized using field emission scanning 
electron microscopy (FESEM) and Atomic force microscopy (AFM). In terms of 
membrane performance, CO2 permeance and CO2/N2 separation were determined. 
The optimal CA membrane obtained from the three factors will be further used to 
synthesize the MMM.  
 
In the MMM synthesis, MWCNTs-F were incorporated into the CA polymer 
matrix. The effect of various concentration loadings of MWCNTs-F in CA polymers 
was evaluated. Furthermore, physical and separation properties of CA-MWCNTs-F 
and CA-MWCNTs-P were then compared by measuring the permeance and 
selectivity towards the separation of CO2 from CO2/N2. 
 
It is essential to find the optimum drying method as well as the proper drying 
time for the newly synthesized MMM. Thus, both conventional vacuum drying and 
ethanol-hexane drying at different exchange time of solvents (hexane and ethanol) 
will be compared in terms of the membrane morphologies and gas separation 
performance. The results were confirmed by using FESEM and bounded water 
content. With regards to the membrane separation performance, the CO2/N2 
permeance and selectivity were carried out. In addition, the kinetic sorption of the 
synthesized MMMs dried using ethanol-hexane drying methods at different 
exchange times of solvents and the controlled MMM, dried under the conventional 
vacuum drying method, was further studied. The CO2 sorption uptake, CO2 diffusion 
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coefficients, and CO2 solubility coefficients were determined in order to identify the 
driving force for the CO2 transport through the prepared MMMs.  
 
Lastly, the optimum synthesized MMM was tested under CO2/N2 binary gas 
mixture to investigate whether this MMM would have the opportunity to meet the 
industrial requirement for post-combustion CO2 separation under flue gas conditions. 
In this regard, the CO2 feed composition of 20 vol%, 50 vol%, and 80 vol% were 
utilized to evaluate the permeation and separation performances.    
 
1.8       Organization of Thesis  
This thesis is outlined in six chapters. Each chapter is summarized and 
addressed as below: 
 
In Chapter one, a brief introduction about the global issues of CO2 as a 
greenhouse gases was addressed and focused on the technologies to separate the 
CO2. Moreover, the overview of MMM definition and properties were also 
addressed in this chapter. All current issues, problem statements and research 
objectives were also outlined in the later sections. This was followed by the scope of 
the present study and organization of the thesis.     
 
In Chapter two, a review about the post combustion CO2 capture methods to 
separate the CO2 was presented. The application of MMM for gas separation was 
outlined. Subsequently, the phenomenon to develop the MMM was reviewed. 
Besides, the alternatives and challenges to embed the inorganic fillers were also 
highlighted in this chapter. As for membrane synthesis, the effecting parameters in 
12 
 
fabrication of CA membrane were discussed. In the last part of this chapter, the 
fundamental transport mechanisms in gas separation membrane were explored. 
 
In Chapter three, the kinetic sorption model for gas permeation was discussed. 
The assumptions for the gas separation were presented. Then, the mathematical 
derivation of the kinetic sorption for the transport of CO2 in the MMM was explained 
in detail. Lastly, the gas permeation model for solution-diffusion mechanism was 
also derived.        
 
Chapter four covers the detail of the materials and experimental procedures. 
The CNTs functionalization, synthesis of CA membrane, and the development of 
MMM with CA polymer and MWCNTs were elucidated. Clear descriptions for the 
various characterization techniques were also reported. This chapter presents the 
operating procedure of the test rig to determine the CO2/N2 permeance and 
selectivity performance.  
 
Chapter five presents the results of the experiments and their related 
explanation according to the objectives. Investigations about the variables to 
functionalize the CNTs with environmentally friendly soft-cutting method were 
discussed. In the second section, the effects of CA membrane fabrication parameters 
on the morphology, surface microstructure, and gas separation performance were 
studied. In order to synthesize the MMM, the incorporation of MWCNTs into CA 
polymer matrix was investigated in the third section. Moreover, the effects of 
MWCNTs loading on the MMM structure and CO2/N2 separation were also 
evaluated. This chapter also focused on finding the proper drying method to dry off 
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the newly synthesized MMM. Both conventional vacuum drying and solvent-
exchange drying methods at different exchange time of solvents were discussed in 
the chapter. Besides, the kinetic sorption was also studied to determine the CO2 
sorption uptake, diffusion coefficients, and solubility coefficient.      
 
In the last chapter (Chapter six), the findings of the present study were 
concluded point by point according to the research objectives. In addition, some 
recommendations for future development and application of MMM from CNTs and 
CA polymer matrix were also proposed in this chapter.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
14 
 
CHAPTER TWO 
LITERATURE REVIEW 
 
2.1       The Global Issues of Greenhouse Gas  
The earth‟s atmosphere contains trace constituents absorbing radiation in the thermal 
radiation range of the plant. Therefore, the energy absorbed into the atmosphere in 
this way, is being radiated partly back to increase the temperature of the surface. The 
major trace constituents warming the planet are carbon dioxide (CO2), methane 
(CH4), nitrous oxide (N2O), sulfur hexaﬂouride (SF6), hydroﬂuorocarbons (HFCs), 
and perﬂuorocarbons (PFCs). These trace constituents are usually known as 
greenhouse gases (GHGs) (Trexler and Kosloff, 1998; Haszpra, 2011).  
 
The atmospheric concentration of the different GHGs has signiﬁcantly 
increased since 1950 because of the increased in human activity. Based on scientific 
reports, the concentration of CO2 has increased by about 30% during the last 200 
years. Meanwhile, the concentration of CH4 has increased to double and the 
concentration of N2O has increased to nearly 15% (Shafeen and Carter, 2010). 
 
2.1.1     The Effects of Greenhouse Gas  
The changes in the atmospheric amount of GHGs have resulted in the 
redistribution of energy in the atmosphere-surface system. Consequently, this leads 
to changes in the earth‟s surface temperature that will eventually change the global 
climate. The relation between the concentration of GHGs and the extent of the 
climate changes is extremely complex because of the increment in the atmospheric 
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GHGs amount and the partly poor knowledge of feedback and interaction behavior 
(Haszpra, 2011).  
 
The increased concentrations of key GHGs are a direct consequence of human 
activities. Since anthropogenic GHGs accumulate in the atmosphere, they produce 
net warming by strengthening the natural „„greenhouse effect‟‟. Various reports from 
assumed that the concentrations of CO2 will be ramping up from current 280 ppmv to 
as high as 970 ppmv in the year 2100. As a consequence, the globally averaged 
surface temperature is projected to rise by 1.4–5.8 oC over the period 1990–2100, 
with a warming rate likely to be unprecedented during at least the last 10 000 years 
(Quadrelli and Peterson, 2007). 
 
One of the greatest examples in explaining the climate change phenomenon is 
in relation to the oil-bearing basins. In these plants, half of the associated gas is 
uually burnt in flares. Consequently, CO2, N2O, hydrocarbons and soot are released 
to the atmosphere. In fact, the release of CO2 contributes to the greenhouse effect 
(Lombardi et al., 2006). For these reasons and with the increased international 
interest and cooperation aimed at policy-oriented solutions to solve the problem of 
climate change, the GHGs assessment emitted to and/or removed from the 
atmosphere has been highly emphasized in both the political and scientific agendas 
internationally (Lieberman et al., 2010).  
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2.1.2     The Removal of CO2   
In general, the most important cause of climate change is the increasing 
atmospheric concentration of CO2. This is mainly because of the dependence on 
fossils fuels by the world‟s economy (Reijerkerk et al., 2011). Further, CO2 is 
emitted from the sweetening of natural gas, the production of synthesis gas, and 
certain chemical plants (Huang et al., 2008). In fact, more than half of the global 
emission of CO2 (55%) are produced by power plants and heavy industries such as 
petroleum, cement, and steel manufactures (Hussain and Hägg, 2010).  
 
Since the industrial revolution, CO2 emissions from fuel combustion 
dramatically increased to 26.6 Gt CO2 per year. In 2004, CO2 emissions from fossil 
fuel combustion were roughly twice compared to those of 30 years before. The world 
energy supply is projected to rise by 52% between 2004 and 2030. With fossil fuels 
remaining at 81% of the total primary energy supply, CO2 emissions are 
consequently expected to continue their growth unabated, reaching 40.4 Gt CO2 by 
2030. Besides, land use change and forestry account for a large majority of total CO2 
emissions as a result of heavy deforestation, which is an issue for both hydropower 
and biomass production (Quadrelli and Peterson, 2007). 
 
Statistically, over the past several hundred years, the concentration of 
atmospheric CO2 has steadily increased from the pre-industrial level of 280 ppm to 
over 370 ppm (Thomas and Benson, 2005). Currently, the concentration of 
atmospheric CO2  has increased to 390.5 ppm (Humlum et al., 2013). This increment 
is mainly ascribed to the burning of coal, oil, and natural gas for electrical 
generation, transportation, industrial and domestic usage. At today‟s emission rates, 
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globally, over 20 billion tons of CO2 have been emitted into the atmosphere (Thomas 
and Benson, 2005). Furthermore, based on the report from the International Energy 
Outlook 2010 (IEO2010), the world energy-related CO2 emissions will increase from 
29.7 billion metric tons in 2007 to the estimated 33.8 billion metric tons in 2020 and 
42.4 billion metric tons in 2035 (International Energy Outlook, 2010). Thus, one of 
the major issues haunting environmentalists in both the developed and developing 
countries is the control of anthropogenic CO2 emissions (Aaron and Tsouris, 2005).  
 
In order to reduce the total emission of CO2, there are three common practices 
that are widely applied (1) reduce the energy consumption (2) minimize fossil fuels 
usage or (3) CO2 capture and storage (CCS) (He and Hägg, 2011). The first two 
choices are required for efﬁcient usage of energy and the switch to the applications 
of non-fossil fuels such as hydrogen or renewable energy. Meanwhile, the CCS is 
about the development of new efficient technologies for CO2 separation (He and 
Hägg, 2011).      
 
The practical applications of CO2 capture are at the largest point sources of 
CO2 such as electricity generating plants (coal-ﬁred and natural gas-ﬁred), natural 
gas upgrading plants, oil reﬁneries, iron/steel plants, and lime/cement plants 
(Thomas and Benson, 2005). The fossil fuel power plants have emitted a large 
quantity of CO2, at roughly 40% of CO2 total emissions especially for the coal-ﬁred 
plants. Until today, CCS is still considered as the most applicable option to reduce 
the emission of CO2 from the industries (He and Hägg, 2011). 
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There are many dedicated researchers trying to enhance the current 
technologies or develop new methods for CO2 capture. In general, the separation 
processes of CO2 can be classified as the chemical and physical absorption, 
membranes, adsorption and cryogenic fractionation (Zhao et al., 2008; He and Hägg, 
2011). The selection of suitable methods will be mainly dependent on the 
characteristics of the treated gas as well as the process conditions (He and Hägg, 
2011). In fact, the chemical absorption method and membrane technology are the 
most practical options for CO2 capture in the post-combustion process (Zhao et al., 
2008). Hence, both techniques will be discussed in detail in the following section.  
 
2.1.2 (a)  Chemical Absorption Method 
The ammonia scrubbing process based on chemical absorption using amine 
based solvent plays a dominant role in CO2 capture (Zhao et al., 2008). Currently, 
many plants have been practicing this technology in their full-scale demonstration of 
power plants for CO2 separation. These include RWE 500MWe coal-ﬁred power 
plant (PCC) in Tilbury, UK; Statoil/Shell 860MWe natural gas power plant (NGCC) 
in Tjeldbergodden, Norway; and Statoil/Dong 280MWe natural gas power plant 
(NGCC) in Mongstad, Norway (Zhao et al., 2008).  
 
In Figure 2.1, the process flow chart for amine separation is depicted. 
Basically, in this process, the flue gas was contacted with the amine based solution in 
an absorber. Then, the amine based solvent absorbs the CO2 and sends to a stripper. 
In the stripper, the CO2-rich amine based solution is heated to release the almost pure 
CO2. Finally, the CO2-lean amine based solution is recycled into the absorber 
(Howard, 1999; Howard et al., 2009). 
Vent Gae to nen-1/Steclc 
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Sludge 
Figure 2.1: Process flow diagram of amine separation process (Howard et al., 2009) 
In general, the amine based solvent which was developed during the past 60 
years as a nonselective solvent, is used for removing the acidic gases i.e., C02 and 
H2S, from natural gas streams (Zhao et al., 2008). However, the chemical processes 
associated with the degradation of the amine based solvent are still not completely 
understood, which leads to increases in material costs, waste disposal costs, and 
energy demands for the C02 capture process (Zhao et al., 2008). In addition to the 
energy consumed during the absorption/desorption process, the loss of process 
efficiency is in the range of ( 11-14) % points (Gottlicher, 2006). Furthermore, the 
requirement of large amounts of amine based solvents in removing C02 molecules 
and the ecological aspects for the recycling of amine based solvent has yet to be fully 
developed (Diwekar and Shastri, 2011 ). Thus, another attractive alternative 
technique for C02 gas separation is the membrane technology which is introduced 
here (He and Hagg, 2011 ). 
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2.1.2 (b)  Membrane Gas Separation 
The application of the membrane technology in removing CO2 has shown a 
drastic increase since their first application in 1981, especially for applications that 
have large flows, high CO2 concentration, or are in remote locations (Dortmundt and 
Doshi, 1999). Based on Yang et al. (2008), the membrane gas separation is an 
energy saver, space efficient, and is easily scaled up. Furthermore, membrane based 
gas separation has the advantage of being more compact and green technology 
(Sanip et al., 2011). Hence, the CO2 separation using membrane technology has led 
to a promising future (Yang et al., 2008).   
 
There are less than 10 types of polymer materials that have been used for at 
least 90% of the total installed membrane-based gas separation modules, including 
cellulose acetate (CA), polyimide, polyaramide, polysulfone, polycarbonates, 
polyethersulfone, and polyphenylene oxide (Baker, 2002). Among these polymeric 
materials, CA membranes have been used commercially for many gas separation 
applications (Schell et al., 1989), due to the high solubility of CO2 and hydrogen 
sulfide (H2S) within the CA-polymer matrix. However, the plasticization behavior of 
these membranes induces swelling, disrupts the polymer matrix, and increases the 
mobility of the polymer chains, thus, adversely changing the membrane 
characteristics required for good gas separation performance (Bernardo et al., 2009). 
 
The basic concept of the membrane separation process is demonstrated in 
Figure 2.2, where, the pressure or concentration gradient is frequently the driving 
force across the membrane-based gas separation (Ismail et al., 2009). The 
permeation and selectivity are the most well-known basic performance 
characteristics. Permeability is defined as the ability of permeants to pass through a 
membrane matrix. Meanwhile, selectivity is the ratio of permeability of more 
permeable components to that of the less permeable (Ismail et al., 2009). For 
membrane gas separation, improving permeability and selectivity are both important 
targets. In addition, the membrane materials need to be thermally and chemically 
robust, resistant to plasticization and aging effects to ensure continual performance 
over a long period of time and cost effective to manufacture as standard membrane 
modules (Scholes et al., 2008). 
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Figure 2.2: The basic concept of membrane gas separation (Ismail et al., 2009) 
Gas separations usmg polymeric membranes have achieved important 
commercial success in some industrial processes since the first commercial-scale 
membrane gas separation system was produced in the late 1970s (Wang et al., 2002). 
Polymeric membranes were categorized based on rubbery or glassy polymers. In 
recent years, the glassy polymer has received a great deal of attention due to its 
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advantages in mechanical properties and relative economical processing capability 
(Ismail et al., 2009). 
 
In fact, the highly permeable membrane tends to have low selectivity, and vice 
versa (Scholes et al., 2008). Further, the polymeric membranes suffer from thermal 
resistance, limited solvent and poor chemical. The occurrence of the swelling 
phenomena has also subsequently altered the properties of membrane separation 
(Goh et al., 2011). Due to all these limitations, research is underway for alternative 
membrane material. As an alternative solution, the inorganic membrane that is 
synthesized from metals, ceramic or pyrolyzed carbon has attracted global interest 
and offers several advantages over the polymeric membrane for many gas separation 
processes (Goh et al., 2011). However, the cost of fabrication of an inorganic 
membrane is high. The high investment cost can only be compensated when these 
kinds of inorganic membranes can achieve much higher performance relative to the 
polymeric membranes (Ismail et al., 2009). In order to overcome the disadvantages 
of polymeric and inorganic membranes, a mixed matrix membrane (MMM) 
composed of homogenously interpenetrating polymeric and inorganic particle 
matrices has been introduced (Chung et al., 2007).      
     
2.2       MMM for Gas Separation 
Nowadays, MMM is the new interesting approach of membrane materials for 
enhancing the current technology of membrane-based gas separation. Numerous 
worldwide academic studies have been carried out on the subject of MMM as it has 
shown an outstanding separation performance (Goh et al., 2011).  
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In 1997, Zimmerman et al. (1997) published a pioneering literature 
suggesting the usage of MMM for gas separation, as the MMM provided economical 
and high separation performance as compared to the inorganic fillers and polymeric 
separation membranes (Zimmerman et al., 1997). After that, several researchers have 
also reported the capability of MMM as an alternative approach in gas separation 
processes. For example, Kulprathipanja (2002) synthesized the adsorbent–polymer 
and polyethyleneglycol (PEG)-silicone rubber MMM. There were two types of 
MMMs that were synthesized. The first MMM was fabricated from silicalite-
cellulose acetate (CA), NaX-CA and AgX-CA and the second MMM comprised of 
PEG-silicone rubber structure. In their work, the silicalite-CA MMM had 
demonstrated a high CO2/H2 selectivity of 5.15+2.2 compared to CA membrane with 
a selectivity of 0.77+0.06. The second MMM of PEG-silicone rubber had also 
proven in having a high selectivity towards the polar gases i.e., SO2, NH3, and H2S 
(Kulprathipanja, 2002). 
 
In recent years, Sanip and co-workers (2011) used beta-cyclodextrins (β-CD) 
to enhance the functionality of multi-walled CNTs (MWCNTs), which were later 
embedded into a polyimide membrane. The concentration effects of the 
functionalized MWCNTs on gas separation performances have been investigated. At 
0.7 wt% loading of functionalized MWCNTs, a finger-like structure of MMM was 
formed and showed rapid gas diffusion within the polymer matrix. Similarly, Ismail 
et al. (2011) embedded the functionalized MWCNTs at loadings of 0.5 to 3 wt% into 
the polyethersulfone matrix. Their results showed that the highest gas selectivity (α) 
was attained from MMM with MWCNTs loading at 0.5 wt% (αCO2/CH4=250.13; 
αO2/N2= 10.65). The gas selectivity was reduced when 1 to 3 wt% of MWCNTs 
24 
 
loadings were used. The poorer gas separation at higher MWCNT content was 
probably due to the presence of interface voids within the polymer matrix. In 
addition, the MMMs synthesized from other inorganic fillers were summarized in 
Table 2.1.       
 
Table 2.1:    Summary of MMMs developed using different fillers 
 
2.2.1     Physical and Chemical Properties of MMM 
In 1991, Robeson showed a plot of selectivity versus permeability, the data 
for many polymeric membranes, with respect to a specific gas pair, lie on or below a 
straight line defined as the upper bound tradeoff curve (Robeson, 1991), as shown in 
Figure 2.3. 
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Li et al., 2006 Polyethersulfone Zeolite O
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Rafizah and Ismail, 2008 Polyethersulfone CMS O
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Funk and Lloyd, 2008 Poly vinyl acetate Zeolite O
2
/N
2
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